Purpose: Recently, choroidal vascularity index (CVI) is proposed as a novel tool to evaluate the choroidal vasculature. In this study, we investigate the impact of scanning area on CVI measurement using spectral-domain optical coherence tomography (SD-OCT). Methods: Spectral-domain optical coherence tomography (SD-OCT) using enhanced depth imaging mode was performed in 30 eyes from 15 normal subjects. Three scanning areas were compared: dingle foveal scan; central macular scans [scan passing through central 1000 microns circle on Early Treatment Diabetic Retinopathy Study (ETDRS) grid, inner circle]; and total macular cube scans. Binarization of OCT B-scans and segmentation of the binarized choroid layer were achieved using a previously reported validated automated software. Choroidal vascularity index (CVI) percentage was calculated. Degree of agreement among foveal, central macular and total macular CVI was assessed using intraclass correlation coefficient (ICC) and was plotted using Bland-Altman plot. Results: The mean CVI in subfoveal, central macular and total macular scans was 49.95 AE 4.84%, 50.00 AE 4.68% and 51.10 AE 4.63%, respectively. Intraclass correlation coefficient (ICC) was more than 0.8 for all three comparisons . No significant differences in variance (all p > 0.05) were noted among CVI measured from the three scanning areas. Conclusion: Choroidal vascularity index (CVI) measurements were highly reproducible using subfoveal, central and total macular scans in healthy individuals. Single foveal scan choroidal vascularity represents total macular choroidal vascularity in healthy population.
Introduction
Since the advent of enhanced depth imaging optic coherence tomography (EDI-OCT) (Spaide et al. 2008) , researchers were able to accurately assess in vivo choroidal structure in a non-invasive manner. Choroidal changes have been implicated in the pathogenesis of various ocular diseases such as age-related macular degeneration (AMD), polypoidal choroidal vasculopathy (PCV), central serous chorioretinopathy (CSC) and myopic macular degeneration (Fujiwara et al. 2009; Chung et al. 2011; Gupta & Mohamed 2011) . These studies primarily involved assessment of choroid by mere measurement of choroidal thickness (CT). Later, CT mapping over the macular area and choroidal volume (CV) were reported in the healthy population as well as disease groups (Ouyang et al. 2011; Barteselli et al. 2012 Barteselli et al. , 2014 Nishide et al. 2013; Gerendas et al. 2014; Gupta et al. 2015; Capuano et al. 2016) .
Choroid being a heterogeneous tissue consists of blood vessels surrounded by stromal components including connective tissue, melanocytes, nerves and extracellular fluid (Nickla & Wallman 2010) . Therefore, overall structural markers such as CT and CV may not reflect the dynamic changes in choroidal subcomponents in the disease process. A comprehensive review opined lack of evidence of CT as a biomarker for diabetic retinopathy (DR) due to conflicting results on its association with presence, grade or progression of disease (Campos et al. 2016) .
Recently, we reported CVI as a novel tool to evaluate choroidal vascular status (Agrawal et al. 2016a,b,c,d, e) . Choroidal vascularity index (CVI) is defined as the proportion of luminal area (LA), which corresponds to the vascular component, to the total choroidal area (TCA) and it can provide a complimentary tool to CT in assessment of status of choroid in patients with diseases involving retina and choroid.
Calculation of CVI was made possible by the protocol proposed by Sonoda et al. (2014) to differentiate LA and interstitial area of the choroid on OCT images. It has been shown that the CVI is not significantly affected by physiological variables such age, axial length, intraocular pressure and systolic blood pressure (Agrawal et al. 2016a,b,c,d,e) , unlike CT (Gupta et al. 2015; Sansom et al. 2016) . Hence, CVI could be useful to evaluate the pathological conditions. Furthermore, the utility of CVI to evaluate choroidal vascular status has been studied in a few ocular diseases and the results were promising. In patients with panuveitis, CVI but not CT was found to decrease significantly at 3-months follow-up compared to baseline (Agrawal et al. 2016a,b,c,d,e) . Similarly, CVI was shown to be a differentiating structural marker between eyes in patients with diabetes mellitus (DM) and eyes in normal patients (Tan et al. 2016) , and between eyes with exudative AMD and their fellow eyes (Wei et al. 2016) . Choroidal vascularity index (CVI) is reported to evaluate choroidal vascular status in patients with CSC (Agrawal et al. 2016a,b,c,d,e) and Vogt-KoyanagiHarada (VKH) disease (Agrawal et al. 2016a,b,c,d,e) , respectively. With growing evidence, CVI is emerging as a potentially more robust marker and a complimentary tool for choroidal vascularity in various ocular diseases.
In the above-mentioned studies, CVI calculations were derived from a single horizontal B-scan passing through the fovea (subfoveal CVI) (Agrawal et al. 2016a,b,c,d,e; Tan et al. 2016; Wei et al. 2016) . It is, however, unknown whether subfoveal CVI is representative of the choroidal vascularity across the posterior pole.
In this study, we aim to calculate CVI from volumetric scans in the macular region and investigate the impact of larger scanning area on CVI measurement.
Materials and Methods
Image analysis of EDI SD-OCT for healthy subjects' database was performed. Healthy subjects were enrolled between January 2014 and August 2014 at a tertiary eye care centre. Prior approval was obtained from the Institutional Review Board, and informed consent was obtained from each subject for acquiring scans. Patients with any systemic illness, such as diabetes or hypertension, or any other retinal or systemic disease or glaucoma were excluded. Scans with poor quality with poorly visible outer choroidal border, that is choroidal scleral interface (CSI), were excluded. All patients underwent EDI-OCT scans using Spectralis Ò (Heidelberg Engineering, Vista, CA, USA).
Image analysis
Raster scans (31 scans protocol covering 30 9 25 degrees area, centred on the fovea) of healthy subjects were exported as single scans and analysed using automated algorithm (as described below). The scans obtained after 25 frames were averaged using built-in automatic averaging (TruTrack Ò ) to obtain a good-quality choroidal image. For comparative analysis, scans were divided into three groups: (i) Foveal scan: Choroidal vascularity was measured for a single EDI scan passing through fovea; (ii) Central macular scans: Choroidal vascularity measured for scans in the 1000 microns area based on ETDRS grid, inner circle; (iii). Total macular scans: Choroidal vascularity measured for all the 31 scans.
Choroidal vascularity measurement
Automated segmentation of choroid was described in our previous paper (Agrawal et al. 2016a,b,c,d,e) . In brief, choroidal luminal and stromal area analysis involved (i) automated binarization of an OCT B-scan and (ii) automated segmentation of the binarized choroid layer. The task of automated binarization in turn involved (a) preprocessing, (b) exponential and nonlinear enhancement and (c) thresholding. Briefly, the OCT image was denoised using the block matching and 3D filtering (BM3D) technique (Dabov et al. 2007 ). Subsequently, adaptive histogram equalization considering 8 9 8 blocks was performed to increase the image contrast to better visualize various structures, especially choroid vessels. Next, exponential enhancement (Girard et al. 2011 ) (exponentiation factor = 6, empirically obtained) was performed on raw OCT images to increase the dynamic range of pixel intensities. This was followed by nonlinear enhancement where each row of the resulting image was multiplied by the square of its row number, which ensures the uniform distribution of pixel intensities among stroma and vessel regions. Finally, thresholding, based on a histogram, was employed to obtain the binarized OCT B-scan. At this point, we defined choroid inner and outer boundaries to segment the binarized choroid layer. Choroidal segmentation was obtained using a recent method proposed by our group (Vupparaboina et al. 2015) , which reported reproducibility of 98-99%. Briefly, the choroid was localized in two steps, by first identifying the choroid inner boundary (CIB) and then the choroid outer boundary (COB) from the denoised images. The CIB was found by locating the retinal pigment epithelium (RPE) inner boundary based on the comparative brightness of the RPE, and then using a gradient-based Canny edge operator (threshold 0.4, standard deviation 2) for delineation. The RPE outer boundary (also the CIB) was determined by detecting the vertical bright-to-dim transition in the RPE layers; the CIB in each vertical column was the first negative-gradient pixel. Retinal and RPE layers were peeled away. A region between the CIB and the inner portion of the sclera was then defined as likely to contain the COB. Finally, the COB was defined by structural similarity (SSIM) index, comparing a scleral window to the neighbourhood of every pixel in the potential COB area. The pixels near the COB have the lowest SSIM indices (least similar to sclera), and the outermost of these were selected as the preliminary COB. The resulting discontinuous boundary was refined by incorporating choroid vessels detected by computing eigenvalues k1 and k2 for the estimated Hessian matrix at every pixel. Choroid vessels were added to the COB. Then, the resulting COB was smoothened by Tensor voting, generating a final continuous boundary. Subsequently, the detected CIB and COB were used in segmenting the choroid layer from the previously obtained binarized images (Fig. 1B) . Finally, the binarized choroid layer was used to quantify the stromal area, LA, luminal: stroma ratio and CVI (Fig. 1C) . The same automated algorithm was applied on single subfoveal scan, central macular and total macular scans.
Statistical analysis
Descriptive statistics included mean and standard deviation for normally distributed continuous variables. Degree of agreement among single subfoveal, central macular and total macular scans was performed using ICC and was plotted using BlandAltman plot. Pitman's test of difference in variance was performed to further investigate measurement reproducibility. Statistical analyses were performed using commercial software (STATA software, StataCorp LLC, College Station, TX, USA). A p value of <0.05 was considered statistically significant.
Results
Total of 36 eyes of 18 subjects were included; however, six eyes of three subjects were of poor quality. Scans of 30 eyes from 15 healthy subjects with good quality were included in this study. There were 11 male and four female subjects. The mean age was 46.76 AE 15.85 years (range, 17-75 years). All patients were of Indian ethnicity. The mean CVI in subfoveal, central macular and total macular scans was 49.95 AE 4.84%, 50.00 AE 4.68% and 51.10 AE 4.63%, respectively.
The ICC among CVI measurements from the three scanning areas was calculated and showed in Table 1 Table 2 . No significant differences in variance (all p > 0.05) were noted among CVI measured from the three scanning area, indicating that the measurements were reproducible. 
Discussion
In this study, we presented CVI measurements in three scanning areas over the posterior pole using an automated choroidal binarization and segmentation tool. We demonstrated high ICC between CVI measurements from a single subfoveal scan and scans that cover larger areas in the macula. This indicated that a single subfoveal scan was sufficient to provide CVI measurement that is representative of the posterior pole in the healthy population. However, in eyes with focal choroidal changes or choroidal vascular diseases, single subfoveal scan may not provide the accurate information.
Choroidal vascularity index (CVI) measurement is a novel OCT-based marker in the structural analysis of choroid, along with CT and CV. So far, CVI has been calculated from a single two-dimensional B-scan passing through the fovea. To our knowledge, this study is the first time that threedimensional CVI values are reported in the literature. Measuring CVI over a large area will obviously be closer to the true measurement. Three-dimensional CVI is also essential if disease process has a localized pattern. However, longer scanning time and more laborious image and data processing are the drawbacks, which also applies to measurement of CVI.
Previous studies were performed to improve image and data processing in volumetric scans for choroidal structural assessment. Firstly, density of Bscans can be adjusted to a minimally required number that can provide a reliable and clinically relevant choroidal structure assessment. Chhablani et al. (2013) studied the impact of scanning density on CV measurements and demonstrated that an interscan distance of 480 lm was sufficient to obtain a good-quality macular CV. Secondly, choroidal segmentation was dependent on the manual effort of retina specialists before automated software was available. Using Tian et al.'s segmentation algorithm (Tian et al. 2013) , fast and reliable CT and CV measurement was demonstrated in a large population study (Gupta et al. 2015) . Our study used an automated segmentation algorithm proposed by Vupparaboina et al. (2015) . Development of automated choroidal segmentation has made future studies about CV and three-dimensional CVI in larger patient groups feasible.
On the other hand, as CVI measurement using subfoveal scan is representative of that of the posterior pole, previously reported normative CVI database using subfoveal scans (Agrawal et al. 2016a,b,c,d,e) can be extrapolated to be comparable to a normative total macular CVI database. In future studies, single subfoveal scan may be sufficient to measure CVI for the control arm and that may be cost efficient and also improve subjects' compliance.
Choroidal vascularity index (CVI) is a novel EDI-OCT-based metric to evaluate choroidal vascularity by calculating the ratio of vascular area to interstitial area. Besides OCT, other imaging modalities of choroidal vasculature include indocyanine green angiography (ICGA) and OCT angiography (OCTA). These two angiographic techniques are excellent in presenting an en face view of the vascular network within the choroid. Indocyanine green angiography (ICGA) has the advantages of wide field of view and demonstrating dynamic changes such as leakage, however, only qualitative analysis can be performed. While OCTA is dye-less, imaging modality provides threedimensional quantitative information (Agrawal et al. 2016a,b,c,d,e) . On the other hand, EDI-OCT-based metrics including CVI and CT offers a crosssectional view of the choroid and quantification assessment of its morphology and vascularity. There has not been comparison between CVI and ICGA or OCTA in their diagnostic or prognostic value, and this may be worthwhile for future research.
Our study has a few limitations. Firstly, only healthy individuals were included in this study. Although subfoveal CVI is similar to total macular CVI in normal population, it may not apply in the patients if the choroidal disease process is localized. Secondly, only one SD-OCT device was used in our study. A comparison between CT mapping using SD-OCT and sweptsource OCT (SS-OCT) was reported recently and slightly thicker choroid was obtained by SD-OCT with limited clinical relevance (Philip et al. 2016) . Whether CVI measurement is repeatable using other SD-OCT or SS-OCT devices will require additional studies to confirm. Thirdly, spatial distribution of CVI was not investigated in this study. Previous research has shown that CT had an uneven spatial distribution in the macular region. Ouyang et al. (2011) reported that choroid is thickest in the superior outer ETDRS subfield and thinnest in the nasal outer subfield with no significant differences among the remaining ETDRS subfields. Similar CT mapping was shown by Hirata et al. (2011) that nasal outer area had thinnest choroid in the macula and choroid was thinner inferiorly than superiorly. As CT was shown to be a predictor of CVI in the normal population (Agrawal et al. 2016a,b,c,d, e) , it is possible that CVI may also vary at different locations within the posterior pole. Further studies on CVI mapping will be needed to validate this hypothesis.
In conclusion, we report measurements of subfoveal, central and total macular CVI in this study. Choroidal vascularity index (CVI) values have high reproducible results using 
